The significance of the oxide thickness nonuniformity effect on the current density-voltage (J-V) characteristics of gate oxide in an ultrathin region is demonstrated. Theoretical J-V curves of metal-oxide-semiconductor (MOS) under small and large biases were derived according to the existing literature, and were used to study the J-V characteristics of an MOS capacitor containing different local oxide thicknesses was studied. An effect we called ''local thinning'', which stretches out the J-V curves, was observed. The magnitude of the tunneling current is governed by the thinner oxide region in the capacitor although this region only occupies a relative small area ratio. Experiments were performed on intentional etching of silicon wafers to reinforce the oxide thickness nonuniformity effect. The experimental results are explainable by the model observation.
Introduction
With the dimensions of devices being continuously scaled down, decreasing the oxide thickness in metal-oxidesemiconductor (MOS) systems is an inevitable trend in the current modern fabrication of integrated circuits (IC). When the oxide thickness is below 3 nm, direct tunneling becomes a limiting leakage mechanism in MOS technology. Therefore, investigation of factors affecting the current behavior of an MOS device has become a highly significant topic in modern IC technology. [1] [2] [3] [4] Since the tunneling current is very sensitive to the oxide thickness in such an ultrathin region, the oxide thickness nonuniformity becomes an important factor affecting the tunneling current. This oxide thickness nonuniformity can be inherently related to fluctuations of the local oxide thickness or to the Si-SiO 2 interface roughness. Fang et al. found that the Si-SiO 2 interface initially roughens and then becomes smooth as oxide thickness increases. 5) Hence the oxide thickness nonuniformity effect on tunneling current is inevitably important to ultrathin gate oxide devices. The influence of the oxide thickness nonuniformity on the tunneling current has been theoretically considered in some works. [6] [7] [8] However, a quantitative description of the local thinning area still lacks discussion. The main theme of this study is to give a description of how the current-voltage behavior is affected by the oxide thickness nonuniformity effect. First, theoretical deviation is established to simulate the current density-voltage (J-V) curve of MOS capacitors composed of different oxide thicknesses. Then experiments are performed on intentional etching of wafers in order to observe an enhanced oxide thickness nonuniformity effect.
Theoretical Derivation

MOS under small forward bias
Figure 1(a) shows the energy band diagram of MOS (Ptype) under small negative bias. Following the conventional studies described in the existing literature, 9, 10) the J-V characteristic can be expressed as
where
is the effective Richardson constant, m Ã is the effective mass of an electron, h is Planck's constant, and V G is the gate voltage. The barrier height B is defined by
where P is the difference between the conduction band and the Fermi level in P-type silicon, and S represents surface band bending. The effective barrier height is given by
is the potential across SiO 2 . The tunneling probability T t can be obtained based on the Wentzel-Kramers-Brillouin (WKB) approximation, 11) and is explained as 
It is noted that in eq. (7),
and Ás ¼ d is equal to oxide thickness in the case of small forward bias, E X is the energy of the incident electron, and ¼ 23=24 is the correction factor. m Ã ¼ 0:39m 0 where m 0 is the electron mass at rest. In this study, for simplicity, we assume that electrons are in their lowest energy states, which means that the Fermi-Dirac distribution function for 0 K is applied. Equation (1) is identical to the standard thermionicemission equation for Schottky barriers except for the term T t , the tunneling probability.
12)
MOS under large forward bias
The energy band diagram of MOS (P-type) under large negative bias is shown in Fig. 1(b) . The J-V curve can be expressed as
and
The effective barrier height " here is given by
The distance by which an electron surmounts the barrier by the tunneling effect, Ás, is given by
Equation (10) is similar to the result in the existing literature 9) except the term eV is replaced by the term ÁE.
Hence the behavior of the J-V curve of an MOS (P-type) structure is the same as that of a metal-insulator-metal (MIM) structure under large negative bias.
MOS capacitor model
Consider an MOS capacitor composed of n small capacitors with different individual areas and thicknesses, as shown in Fig. 2(a) . Suppose that each of these small capacitors has an area of A i and an oxide thickness of d i . Since tunneling current density J is a strong function of the oxide thickness, the tunneling current I i in each small capacitor can be expressed as
Because all of these small capacitors are parallel to each other, the net tunneling current I in the MOS capacitor is the sum of those tunneling currents in the small capacitors, i.e.,
Therefore, the current density J of the capacitor is given by
According to eq. (18), the tunneling current density in an MOS capacitor which is composed of multiple small capacitors with different oxide thicknesses and areas can then be calculated. For simplicity, assume that an MOS capacitor is composed of two main capacitors, as shown in Fig. 2(b) . One of the two capacitors has larger area A L and thicker oxide thickness d L , than those, A S and d S , of the other, respectively. According to eq. (18), the tunneling current density of this MOS capacitor can be written as 
This equation is used in the study to quantitatively describe how the J-V behavior is affected by the oxide thickness nonunuformity.
Experiment
Two P-type (100) silicon wafers with a resistivity of 1-5 Ácm were used in this experiment. GP4A solution was prepared by mixing HF : HNO 3 : CH 3 COOH in a 3 : 5 : 3 volume ratio. In order to reinforce the oxide thickness nonuniformity effect, one silicon wafer was etched with the GP4A solution for 10 before oxidation while the other wafer was not. After standard RCA cleaning followed by dipping in 50 : 1 H 2 O : HF and rinsing with DI water, oxidation was carried out in a lamp-heated rapid thermal processor. The two wafers were oxidized at a temperature of 900 C in a mixed gas ambient consisting of 100 Torr O 2 and 400 Torr N 2 for 10. After oxidation, each wafer was subjected to postoxidation-annealing (POA) in the same chamber at 960 C with an ambient of pure nitrogen at 500 Torr for 1 min. The oxide thickness of both silicon wafers was measured by ellipsometry. The measurement was carried out on nine points on a 3-inch wafer. Each point was 1 cm away from its nearest neighbor. Then aluminum film was evaporated onto wafers and photolithography was used to fabricate the MOS capacitor of the size of 150 m Â 150 m. After back oxide removal, aluminum was also evaporated for contact. The J-V curve was measured using HP 4156.
Results and Discussions
Theoretical
The solid lines in Fig. 3 show the theoretical J-V curves of MOS capacitors with oxide thicknesses of 1.2 nm, 1.5 nm, and 1.8 nm, while the dashed lines show the MOS capacitors composed of 1.2 nm and 1.8 nm oxides with different area ratios. First, it can be observed that all curves exhibit a ''shoulderlike behavior'', because as the forward bias increases, the silicon substrate changes from an inversion to a depletion and then to an accumulation region. In other words, the potential drop on the oxide, i.e, the tunneling probability, is less sensitive to the applied voltage in this transition region and hence the current density changes slowly with gate voltage. In Fig. 3 , the J-V curves of the composed capacitors are close to that of the capacitor with a unique 1.2-nm-thick oxide when the area of the 1.2 nm capacitor is larger than that of the 1.8 nm-thick oxide capacitor. As the area of the 1.8 nm capacitor becomes larger than that of the 1.2 nm capacitor, the net tunneling current density of the composed capacitor becomes lower and stretched out compared to that of the capacitor with unique thickness. It is worth noting that the J-V curves of the composed capacitors cross that of the capacitor with the unique 1.5 nm oxide thickness. This tells us that the behavior of the J-V curves of the device with nonuniform oxide thickness is different from that of the capacitor with unique oxide thickness. Even in the case of an area ratio of 1:2 nm=1:8 nm ¼ 1=20, i.e., the area composition of the thin oxide is less than 5%, the net current magnitude is larger than that of the unique 1.5 nm-thick oxide in the direct tunneling region. The effect of '' local thinning'' obviously exists.
The J-V curves of the composed capacitors with the area ratio of A S =A L ¼ 1=10 (dashed line) and the capacitors with the unique mean thickness, i.e., " should be paid to the oxide thickness nonuniformity. Figure 5 shows the experimental J-V curves for the samples fabricated on the wafer with GP4A etching treatment. It can be observed that the behavior of the J-V curve becomes disordered and differs among ten tested samples. By contrast, the behaviors of the J-V curves for the samples fabricated on the wafer without GP4A etching treatment are similar to each other, as can be seen in the inset of Fig. 5 . The ellisometry data indicated that the oxide of the GP4A-etched sample is globally nonuniform and the J-V curve in Fig. 5 indicates that this leads to local nonuniformity under the capacitor area. For the sample with GP4A etching treatment, the Si-SiO 2 interface should be rougher than that without GP4A treatment, and hence the oxide thickness nonuniformity should be enhanced. The data from ellipsometry measurement also indicates that the oxide thickness distribution is more nonuniform on the GP4A etched wafer.
Experimental
The behavior of the J-V curves of two nonetched and one GP4A-etched sample are shown in Fig. 6 . Clearly, the J-V curve of the sample fabricated on the etched wafer shows a downward bending phenomenon. In order to show that this behavior is caused by oxide thickness nonuniformity but not charge trapping, the J-V characteristic of the etched sample is measured ten times; the results of the 1st and the 10th measurement are shown in the inset of Fig. 6 . Charge trapping is negligible since there is nominal difference between the J-V curve measured for the first time and the tenth time. The stretching of the J-V curve of the sample fabricated on the etched wafer is due to the nonuniformity of oxide thickness. The current of the capacitor on the etched wafer exhibits higher magnitude in the direct tunneling region and lower magnitude in the F-N tunneling region. The experimental results in Fig. 6 correspond to the theoretical results of the composed capacitor as described above. Local oxide nonuniformity indeed stretches out the J-V curve of an MOS device with ultrathin oxide.
Conclusions
The tunneling current value in an MOS structure is very sensitive to the oxide thickness and hence the thickness nonuniformity becomes a critical parameter in J-V behavior. After the theoretical derivation of the J-V curve, a capacitor model was proposed to explain the observed J-V curves. From the study of the J-V curves of the composed capacitor with respect to the capacitor with unique oxide thickness, it is found that the local thinning effect caused by the thinner oxide within the capacitor will affect the tunneling current magnitude dramatically, particularly in the ultrathin oxide regime. The experimental results indicate the J-V curve to be strongly related to oxide thickness nonuniformity and its stretching to be well explained by the proposed capacitor model. 
